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We report on three-step sequential three-photon near-infrared (NIR) quantum splitting in b-NaYF 4 :Ho 3þ , where one absorbed ultraviolet photon is split into three NIR photons with wavelengths 850, 1015, and 1180 nm. The underlying mechanism is analyzed by static and dynamic photoemission and excitation spectroscopy. An internal quantum yield of 124% is estimated on the basis experimental data and theoretical considerations. Further development of an efficient triply splitting NIR phosphor might open up an approach in achieving efficient photonic devices, which enables more photons emitted than absorbed in the excitation process. The recent demonstration of efficient visible quantum splitting (QS) in vacuum ultraviolet (VUV)-excited LiGdF 4 :Eu 3þ represents an exciting step towards the development super-efficient phosphors and luminescent devices.
1,2 Already, since the first report on QS in the VUV spectral region (Pr 3þ -doped YF 3 and NaYF 4 , [3] [4] [5] ), intense research activities have been devoted to making use of this effect for potential applications in display and lighting. [6] [7] [8] [9] [10] In a QS process, quantum yield (QY) exceeding unity can be obtained by splitting a photon of relatively high energy into two or more low-energy photons, thus enabling more photons to be emitted than were originally involved in the excitation process. If ultraviolet (UV) or visible photons can be split into two (or more) near-infrared (NIR) photons, this would enable exciting potential for efficient photovoltaic energy conversion. [11] [12] [13] Down-conversion phenomena have hence been studied in numerous materials, particularly, for Ln 3þ À Yb 3þ (Ln ¼ Tb, Tm, Pr, Er, Nd, and Ho)-codoping. [14] [15] [16] [17] [18] [19] [20] [21] However, in most of those cases where NIR luminescence originates from Yb 3þ through a first-order energy transfer (ET) from Ln 3þ , QS does actually not occur. Despite the importance of the issue, it appears that there is presently no report on NIR-QS (especially three-photon NIR-QS) in a single-ion activated phosphor. As a consequence, the main mechanisms responsible for NIR-QS not well understood.
Here, we report on the observation of sequential threestep three-photon NIR-QS in b-NaYF 4 :Ho 3þ , where a highenergy UV photon splits into three NIR photons with QY greater than unity. On the basis static and dynamic spectroscopic data, we investigate in detail the underlying optoelectronic mechanism.
Powder sample of NaYF 4 with a Ho 3þ -concentration of 1.0 mol. % was prepared in a hydrothermal procedure, 16 employing Y 2 O 3 , Ho 2 O (both 99.99%), HNO 3 , NH 4 HF 2 , and NaF (analytical grade) reagents as starting materials. Microstructure of the product was analyzed by powder x-ray diffractometry (XRD, Philips PW1830, Cu Ka) and scanning electron microscopy (SEM, JEOL JEM-1010). Photoluminescence (PL) was studied with a high-resolution spectrophotometer (Edinburgh FLS920) fitted with 450 W and lF900 microsecond xenon lamps as the excitation sources and by time-correlated single photon counting (employing photomultiplier tubes Hamamatsu R928 and R5509-72).
SEM of the as-prepared product revealed pronounced hexagonal prismatic microrods with an average size of 1 lm in diameter and several microns in length. The XRD pattern readily agrees with b-NaYF 4 (Joint Committee on Powder Diffraction Standards 16-0334) as the sole crystalline phase. Figure 1 shows NIR PL spectra of NaYF 4 :Ho 3þ . Excitation at 287 nm results in four NIR PL peaks, which are located at 850, 965, 1015, and 1180 nm, respectively ( Fig. 1(a) ). These can be ascribed to the transitions of . 22 For a rigorous investigation of the NIR emission scheme, detailed PL spectra (Figs. 1(b) and 1(c)) were recorded for excitation at 535 and 880 nm. Upon 535 nm excitation, intense NIR emissions peaking at 965, 1015, and 1180 nm ( Fig. 1(b) ) could be observed clearly, but the 850 nm peak is absent for this excitation wavelength. 21 , shown in the inset of Fig. 1(b) . For 880 nm excitation, however, only the NIR PL peak at 1180 nm could be detected, originating from 5 I 6 ! 5 I 8 in Ho 3þ ( Fig. 1(c) ). In Fig. 2 21 At this point, it may already be speculated that for high-energy excitation (that is, at 287 nm), the simultaneous appearance of the 850, 1015, and 1180 nm emission bands originates from "cascade" radiative transitions through several intermediate levels in Ho 3þ .
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The schematic energy-level diagram of Ho 3þ shown in Fig. 3 illustrates the sequential three-step three-photon NIR-QS process. Upon excitation of the 287 nm light, the 3 D 3 state of Ho 3þ populated by fast multiphonon relaxation can emit efficiently the first 850 nm NIR photon through the
F 2 transition (step 1). On the basis of the energy gap law 23 and the intense visible emission bands shown in the inset of Fig. 1(a) (Fig. 3) . Figure 4 (a) shows time resolved emission spectra of NaYF 4 :1%Ho 3þ , excited at 287 nm with a pulsed source. It can be seen that the bands at 360 and 410 nm dominate initially (at delay time of 59.5 ls). As already noted, they correspond to the transitions of 3 2011) then would sequentially emit the second 1015 nm NIR photon (2) and the third 1180 nm NIR photon (3). A second set of delay spectra is shown in Fig. 4 (b) for 287 nm pulsed excitation. In the early stage of relaxation (delay time of 9.0 ls), only the 850 nm NIR PL band can be detected, corresponding to Total QY (g QY ) of NaYF 4 :Ho 3þ can be estimated from the PL spectrum (k ex ¼ 287 nm). Thereby, g QY is defined as the number of photons re-emitted per number of absorbed UV photons. Hence, visible QY (g VIS ) and NIR QY (g NIR ) may be distinguished NIR-QS. [14] [15] [16] [17] [18] [19] [20] [21] The integral fluorescence intensities of all visible PL bands were calculated. By taking into account, the emission mechanism (Fig. 3) , g QY can be appropriately estimated as follows: 11, 12 À1 is a key prerequisite for the sequential three-step three-photon NIR-QS in Ho 3þ . As such, the concept of triply splitting NIR-QS may offer an interesting route towards the design of efficient photonic devices. 
